As part of a longitudinal investigation of environmental exposures to selected chemical contaminants, the National Human Exposure Assessment Survey (NHEXAS), food consumption and duplicate diet samples were obtained in each of six sampling cycles from up to 80 individuals in Maryland during 1995± 1996. Duplicate diet samples were weighed and analyzed for arsenic, cadmium, chromium and lead and were used to derive average daily intakes of each element. Mean log-transformed concentrations of arsenic and cadmium in duplicate diet samples and derived intakes of chromium were found to vary significantly among sampling cycles. Repeated observations of dietary exposure metrics from the same individual over time were highly variable. The results suggest that distributions of dietary exposure to arsenic and cadmium do vary for a population within a 1-year period, while those for chromium and lead do not. This may result in single measurements of exposure being sufficient to characterize population variability for these latter two elements. However, even for those elements not displaying statistically significant temporal variability for the population, a single dietary exposure measurement may still not be sufficient to characterize accurately chronic dietary exposure levels for individuals.
Introduction
Exposure has been defined (Ott, 1985; Sexton and Ryan, 1988; Georgopolous and Lioy, 1994; Zartarian et al., 1997) as the contact of a pollutant and a receptor of interest, often human populations. Exposures can occur through numerous pathways associated with the primary routes of exposure: inhalation, ingestion, and dermal contact. Exposure through the ingestion route is particularly important for certain contaminants.
Ingestion of foods and beverages has been classified as a major route of exposure to contaminants (Berry, 1997 ), yet a fully validated methodology to assess such exposures is still a focus of many research efforts. Dietary assessment is normally done under the assumption that individuals remain relatively consistent in their eating habits (Kohlmeier, 1995) . It is of interest to examine this assumption by studying the variability in dietary intake with time. For example, dietary habits may differ in winter and summer seasons. Further, the source of foods, and the concomitant difference in contaminating materials, may result in exposure differences measurable in such investigations.
Of particular interest is the study of dietary intake of metals. Metals are ubiquitous in the environment. Plant uptake from soil can result in elevated levels in fruits and vegetables. Consumption of plants by animals results in the presence of such species in eggs, meat, and fish. In regions where environmental contamination is high, levels can be elevated in both plants and animals. Industrial effluent, fertilizer use, and the use of pesticides can compound the problem. In addition, foods may be contaminated during storage, preparation, and consumption.
Numerous metals have received attention as both environmental contaminants and potential toxicological hazards. For example, arsenic, cadmium, chromium, and lead have extensive distribution in the environment (ATSDR, 1993a,b; 1997a,b) . All are naturally occurring; however, human activities have changed the distribution of these metals in the environment substantially, leading to potentially elevated concentrations of these metals in food and other media. Each of these metals has been associated with adverse health outcomes in human populations. Ingestion of arsenic in the diet has been associated with Black Foot Disease, skin lesions, and cancer. Exposure to both cadmium and chromium has been associated with cancer and various other health effects. However, chromium is an essential nutrient. Exposure to lead has been associated with neurological damage, cognitive deficit, hypertension and other effects. Dietary intake, either through inadvertent ingestion with food or pica activities, can be an important route of exposure for all of these metals.
Determination of the dietary intake of metals may be accomplished through the use of duplicate diet analysis. In such analyses, participants are asked to prepare a duplicate plate of each meal that they consume. This duplicate is later analyzed for contaminant concentrations using techniques appropriate for the species under investigation. Such a procedure is quite burdensome on the participant as well as being very expensive due to high analysis costs. Alternative strategies include use of a food diary, in which participants write down all foods eaten, and market basket surveys of foods analyzed for contaminant concentration. The former reduces the burden on the participant due to preparation of an extra serving of each food consumed; the latter reduces analytical costs through the collection of fewer samples. Combination of these two data streams using a modeling approach affords an indirect assessment of exposures to the targeted species. Though less burdensome on participants, and less costly than duplicate diet analysis, this method suffers in that it does not analyze samples of actually consumed foods.
The objectives of our research were to estimate the intake of arsenic, cadmium, chromium, and lead from ingestion of solid foods, and to characterize the temporal variability associated with intake. As part of our research, we also assess the ability of dietary checklists to characterize consumption levels, and the duplicate diet studies to represent the true metal concentrations in foods.
Methodology
The National Human Exposure Assessment Survey (NHEXAS) investigations are a series of field studies designed as pilot investigations for national-scale, multimedia, multipollutant exposure assessment studies (Buck et al., 1995; Lebowitz et al., 1995; Pellizzari et al., 1995; Sexton et al., 1995; Buck et al., 1997) . The NHEXASMaryland (NHEXAS-MD) investigation (Ryan et al., 1999) was a special study designed to assess the statistical significance and magnitude of temporal variability in experienced exposure to various pollutants through various media. In NHEXAS-MD, a probability sample of 80 individuals above the age of 10 years was selected from four counties and the city of Baltimore in Maryland. Samples from selected environmental and biological media, as well as questionnaire data, were collected from each participant in as many as six 1-week sampling periods (cycles) approximately equally spaced between October 1995 and September 1996. Cycles 1±6 correspond to September±December 1995 , January±March 1996 , February±April 1996 , April±June 1996 , June±July 1996 , and July±September 1996 . Details on the sample selection procedures and other aspects of the study design are reported in Ryan et al. (1999) .
Food Consumption
A semi-quantitative food checklist was administered to the members of the study population in each cycle. Study participants self-reported the number of servings of individual food items consumed on each of 4 consecutive days in each cycle. The checklist format and the food items included in the survey are based on a semiquantitative food frequency questionnaire (FFQ) described by Willett et al. (1985) and Rimm et al. (1992) . The food checklist contains 157 individual food items organized into seven categories, portion size information, and space to indicate the number of servings of each food consumed on each day. The categories are dairy products (n=9), fruits (15), vegetables (42), eggs/meat/fish (23), breads/ cereals/starches (19), beverages (24), and sweets/baked goods/miscellaneous foods (25). Participants indicated the number of servings of the food item consumed throughout each day by circling the corresponding number on the checklist. Space was provided in each food category in which participants could write-in foods consumed, but not listed on the checklist. Participants were instructed to update the checklist concurrent with actual intake of food, thus reducing the chance of recall bias that may result when participants rely on memory alone (Thompson and Byers, 1994) . For each participant, a maximum of 24 days of diet information was possible for the 1-year study period. Completed questionnaires were entered into an electronic database by a double-keypunch procedure to identify and correct data entry errors. The write-in food items recorded by the participants onto the dietary checklist were also entered, but were not included in this analysis.
Duplicate Diet Samples
Study participants were instructed to prepare and save a duplicate portion of each food item consumed over the same 4-day period during which the food checklists were administered. Duplicate portions were placed in precleaned, leak-proof, 1-gal high-density polyethylene containers or resealable plastic bags. Respondents were not asked to store duplicate portions separately by meal or day, but rather to separate or composite samples in the manner they found to be the most convenient. However, solid foods were kept separate from beverages. Duplicate diet samples were stored in the respondent's refrigerator or in a cooler containing blue-ice packs provided by the field technicians.
Samples were collected from respondent's homes by a field technician and transported on ice to a central operations site. Commencing with Cycle 2, the mass of each duplicate diet sample was recorded by a field technician. Samples were placed in Polyfoam1 packers with blue-ice and shipped overnight to a U.S. Food and Drug Administration (FDA) laboratory in Kansas City, Missouri. There, the samples were homogenized (solid foods separate from beverages) and analyzed by inductively coupled plasma mass spectrometry (ICP-MS) for selected elements, including total arsenic, cadmium, chromium, and lead following protocols developed by the FDA (FDA, 1997).
Quality Assurance
A series of quality assurance steps was performed to ensure traceability and accuracy of the data. A chain of custody (COC) form followed each food checklist and sample from the field to the laboratory, and finally to the database manager. A food checklist or duplicate diet data point not accompanied by a completed COC, or vice versa, was omitted from subsequent analysis. Of 404 possible food checklist observations (i.e., existing checklist or COC), five were invalidated due to a missing checklist or COC, representing a 99% capture rate. Two food items, canned strawberries and wheat germ, were removed from the database because these foods were not reported as consumed by any member of the study population at any time during NHEXAS-MD investigation. Respondents recorded types and amounts of food not saved on a log sheet provided by the field staff. Nine percent of the duplicate diet samples was reported as incomplete for reasons including illness, travel, not eating at home, limited food availability, and fatigue; no adjustments were made to account for these omissions. Of 403 possible duplicate diet observations, 398 valid heavy metal residue data points were obtained. ICP-MS analyses were performed in accordance with quality assurance measures developed by the FDA and reported elsewhere (FDA, 1997) . Limits of detection and spike recoveries were determined for each metal species throughout the study. No field blanks were obtained. 
Data Analysis
Food checklist and duplicate diet data were merged by respondent and sampling cycle into a single data set. To harmonize the averaging time between the two types of data, 4-day average food consumption rates were computed from the daily food checklist records. Fourday average daily intake (g/day) of arsenic, cadmium, chromium, and lead in Cycles 2± 6 was computed as the product of the mass of each duplicate diet sample and the corresponding element concentrations. The results presented here are restricted to the solid food data, results of the beverage sampling will be reported elsewhere. To evaluate temporal variability of dietary exposure, the database was restricted to participants who provided food consumption data and duplicate diet samples in two or more cycles. The final database consisted of 388 observations from among 74 respondents. Each observation contains consecutive 4-day average consumption rates for up to 131 solid foods, mass of consecutive 4-day average duplicate solid food samples commencing with Cycle 2, concentrations of arsenic, cadmium, chromium, and lead in the duplicate diet samples, and derived 4-day average intakes for each heavy metal. Descriptive statistics were generated by cycle for solid food consumption (overall and by food group, expressed in servings per day), residue concentrations and average daily intakes of arsenic, cadmium, chromium, and lead. Analysis of variance (ANOVA) was used to test for significant variability of mean food consumption rates, residue concentrations, and average daily heavy metal intake by time of year, i.e., among cycles (indicated by the variable cycle), and among individuals (indicated by the variable HIN, household identification number). All analyses were performed using SAS1 software Version 6.09 for UNIX (SAS Institute, 1989 and Version 6.12 for Windows (SAS Institute, 1989 . Because data were collected from all periods of a single year, cycle was treated as a fixed effect. HIN was modeled as a random effect in that the study participants are a sample from the population at large. The repeated measure switch of the SAS procedure, PROC MIXED, under the assumption of an unstructured covariance matrix was used to account for potential correlation among observations from the same individual over time (Littel et al., 1996) . Due to the skewness in the observed data, all analyses were run on natural log-transformed values.
Results
The number of participants who provided complete food consumption records and duplicate diet samples in each cycle was 74, 63, 66, 69, 56 , and 60, respectively, from Cycles 1 through 6. Ninety-three percent of the study population participated in both the checklist and duplicate diet portions in four or more of the cycles.
Descriptive statistics for consumption rates of all solid foods and the six non-beverage food groups are presented in Table 1 . The overall mean number of servings of solid food consumed each day for the six cycles was 12.6 with a standard deviation (SD) of 5.9. Breads, cereals, and starches accounted for the majority of the food servings consumed, while fruits accounted for the least. Dairy foods (excluding milk, defined as a beverage) was the only group to display significant ( p=0.0382) variability of consumption among cycles (Table 1) , although temporal variability of total food consumption rates was marginally significant ( p=0.0534). For dairy foods, least-squares estimates produced by the model indicate significant differences in consumption rates between Cycles 1 and 4, 5, and 6, as well as between Cycles 2 and 3, 4, 5, and 6. Consumption rates of each food group and the sum of all foods varied significantly ( p<0.0001) across individuals.
Limit of detection (LOD) and spike recoveries for metal residuals were evaluated for temporal variability prior to analysis of the metal concentration. These data, presented in Table 2 , show no statistically significant variability across cycles. Further, spike recoveries center near 100%, suggesting good data quality for these measures.
Arsenic, cadmium, chromium, and lead concentrations in the duplicate diet samples are summarized in Figure 1 . Arsenic, cadmium, and lead were present at detectable levels in all samples, while 13% of the samples contained chromium concentrations below the LOD.
Descriptive statistics of element concentrations by cycle are shown in Table 3 . Cycle-specific, median concentrations of arsenic varied by approximately a factor of 2 among cycles (10.6 ±20.3 g/kg), while those for lead ranged only The mean 4-day total mass of foods saved as duplicate diet samples from Cycles 2 through 6 was 2.83 kg (SD=1.09 kg) and a range of 0.45 ±7.39 kg. The median mass of duplicate diet samples in Cycles 2± 6 was 2.95, 2.95, 2.73, 2.50, and 2.50 kg, respectively. Again, no mass measurements were taken in Cycle 1. In the repeated measures model, the mass of duplicate diet samples was found to vary significantly, statistically ( p<0.002) overall, and among cycles ( p =0.0016) and across individuals ( p<0.0001), with a downward trend in total mass suggested.
Distributions of derived average daily intakes of arsenic, cadmium, chromium, and lead are summarized in Table 4 . Mean log-transformed chromium intake levels varied significantly ( p<0.0001) among cycles, while those for arsenic, cadmium, and lead did not ( p =0.0914, 0.3662, and 0.5298, respectively). Derived intakes of chromium by sampling cycle are presented in Figure 2 . The average range of derived intakes for a single participant was 155.2, 35.1, 287.4, and 31.2 g/ day for arsenic, cadmium, chromium, and lead, respectively. Similar to food consumption rates and residue concentrations, inter-individual variability of derived intakes of each element was statistically significant ( p<0.0001).
Discussion
To obtain preliminary information on temporal variability of dietary exposures to contaminants, we collected consumption rates for 157 foods, that included 131 solids foods and 26 beverages, and duplicate diet samples from 80 individuals over 4 days in each of six monitoring cycles equally spaced between October 1995 and 1996. Many of the methods used to collect these data are relatively new and therefore, it is useful to consider the strengths and limitations of the approaches employed. A comparison to results of similar studies affords insights to the reliability and utility of the NHEXAS-MD dietary exposure data. The principal limitations of various dietary assessment approaches include the reproducibility of consumption measurements (Willett et al., 1985; Feskanich et al., 1993; Xing et al., 1995) , the inability of the food record or diary to estimate long-term average intake (Freedman et al., 1991) , and the validity of results based on recall methods (Willett et al., 1985; Block and Hartman, 1989; Feskanich et al., 1993; Liu, 1994) . The food checklist method used here is a combination of a dietary record and FFQ. The strengths of this combination include reduced recall bias, consumption levels based on portion size, minimal participant burden, and standardization of reporting. Disadvantages include a restricted set of foods, although respondents were given the opportunity to write-in foods not on the checklist, and selfreporting.
We performed an internal validation of the food checklist data by comparing the duplicate diet weights and a calculated value using the food checklist servings data multiplied by assumed serving masses (based on serving sizes noted listed on the checklist and an assumed density of 1.0 g/cm 3 ). The mean of the calculated weights was within 15% of the duplicate diet weights, and the correlation between the two was 0.61. We consider this to be a favorable comparison, given differences in what respondents may consider a serving and the high likelihood that not all foods consumed were recorded on the checklist or saved and vice versa.
The food checklist was developed for the NHEXAS-MD investigation and has not been used in other dietary assessments, thus direct comparisons to results of other studies are not possible. However, several studies of the validity and reproducibility of the parent instrument, the Willett FFQ, have been performed and those results may be additional indicators of the performance of the checklist. A comparison based on data collected via the Willett FFQ and food diary records found good agreement between derived energy and nutrient intakes computed using the two sources of food consumption rates (Willett et al., 1985; Rimm et al., 1992) . Feskanich et al. (1993) reported consumption rates of 131 food items reported on the Willett FFQ by a subset of participants enrolled in a prospective epidemiological investigation. The central tendency and dispersion of consumption rates from that study are approximately equal to those reported by our population; thus, there is no apparent bias in the rates reported herein. Average daily intakes of inorganic arsenic and methylmercury derived from the Willett FFQ were found to have correlation coefficients of 0.48 and 0.66, respectively, with body burdens of arsenic and mercury measured in approximately 900 male and female adults (MacIntosh et al., 1997) . Because the checklist was administered on a daily basis in our study and the Willett FFQ is used to characterize intake over the preceding year, correlations between actual consumption rates and those reported on the checklist may be stronger than those observed for the FFQ. Although not definitive, these observations indicate that the checklist employed in the NHEXAS-MD investigation is likely to be a reliable instrument for characterizing food consumption rates.
In this study, a duplicate diet methodology followed by chemical analysis for selected elements was used as an approach to assess personal dietary exposure to environmental contaminants. If performed appropriately, this approach should provide an accurate measure of potential dose for individuals (Thomas et al., 1997) . The duplicate diet method affords a direct measure of contaminant exposure in contrast to the market basket approach in which consumption and contaminant data for individual foods, often collected separately and for different purposes, are combined to assess exposure (WHO, 1985) . Chemical analysis of duplicate samples yields data on aggregate dietary exposure, but there is no direct information on the contributions from individual foods. Statistical methods that relate food consumption data to contaminant levels in duplicate diet samples may be used to identify the major food-specific contributors to exposure (e.g., Freeman et al., 1997; MacIntosh et al., 1997) . Results of such an analysis performed on the NHEXAS-MD food checklist and duplicate diet results are reported elsewhere (Scanlon et al., 1999) . It should be noted that the distributions reported here are for the sample only and do not reflect weighting to afford generalizations to the population. However, results do include data from the three primary strata in the study, urban, suburban, and rural populations, and thus span the likely dietary exposure mixes experienced by the general population.
The mean mass of 4-day duplicate diet samples was 2.83 kg of non-beverage foods or approximately 700 g /day. Similar amounts were saved in a pilot study performed by Thomas et al. (1997) in which the respondents received more extensive follow-up than the NHEXAS-MD population. This observation indicates that our population complied with the sampling protocols to a reasonable degree. Because duplicate portions were composited over 4 days, we were not able to assess compliance with sampling protocols within a cycle. However, results of other investigations indicate that participants are likely to achieve high compliance rates for up to 4 consecutive days, but not much longer (Thomas et al., 1997) . As noted earlier, the average mass of duplicate diet samples decreased approximately 16% from Cycles 2 through 6. Thus, compliance with sampling protocols may have waned with each additional sampling cycle.
Dietary intakes of heavy metals have been either measured or modeled in other studies, although we are aware of only two duplicate diet investigations in the U.S. that analyzed samples for arsenic, cadmium, chromium, or lead. Based on measurements of daily food samples from 30 children less than 7 years old, the average daily intake of arsenic was estimated to be 7.05 g /day (Walker and Griffin, 1998) . The mean lead intake was estimated to be 8.3 g /day from duplicate diet samples collected by the mothers of 24 children, 2±3 years old (Manton et al., 1991) . Typical derived intakes of arsenic from the NHEXAS-MD population were considerably greater (Table 4 ). The contrast is likely due to differences between children and adults in amounts and types of food consumed.
The Total Diet Study (TDS) is a market basket survey conducted annually by the FDA in which levels of selected elements, pesticides, radionuclides, and industrial chemicals are measured in 234 food items (Pennington, 1992) . The foods are prepared for consumption following standard recipes prior to analysis (Pennington and Gunderson, 1987) . For this reason, results of market basket studies of heavy metal intake that utilize the TDS data are probably the most relevant for comparison to the NHEXAS-MD duplicate diet results. The mean FDA dietary lead intake estimate, using TDS data including beverages, was approximately 7 g/day, assuming a 70-kg person. Using long-term average food consumption rates from a large population of U.S. adult males and females and TDS residue data, estimated mean (median) average daily intakes of arsenic, cadmium, and lead (estimates for chromium intake were not available) were approximately 55 (40), 19 (18), and 15 (13) g/day, respectively (MacIntosh et al., 1997) . Using an analogous method with data from Canada (Dabeka and McKenzie, 1992) estimated a daily intake of 14.5 g/day for cadmium and 36.4 g/day for lead of the average adult Canadian. The market basket estimates for arsenic, cadmium and lead in the Maryland population are approximately 50% of mean derived intakes from the duplicate diet data. This comparison indicates that the available food consumption and/or contaminant concentration data used in the market basket studies may not yield accurate dietary exposure estimates for some elements.
Contaminant exposures based on duplicate diet and market basket studies can be used to document status and trends of exposure within populations or population subgroups, and as inputs to epidemiological investigations of health effects of chemical exposure and human health risk assessments. The repeated measures feature of the NHEXAS-MD study design affords investigation of temporal variability of exposure to selected chemicals and the implications with respect to potential uses of exposure data.
We found that log-transformed population mean consumption rates for food groups, other than dairy, did not vary significantly among six sampling periods spaced over a year. The same was true for chromium and lead concentrations in duplicate diet samples and derived dietary intakes of arsenic, cadmium and lead. These results indicate that the timing of data collection may not be an important design consideration for studies (e.g., status and trend analyses and chronic risk assessments) that intend to utilize measures of central tendency (e.g., median or mean) for these variables. However, dietary exposure to some compounds may result from consumption of a single or only a few foods; thus, analyses of consumption data at the food group level may not be adequate for exposure assessment purposes. Because the distribution of these variables did not vary substantially among sampling cycles, assessments of risk related to acute dietary exposures based on similar data may also be insensitive to the time of year in which the exposure data are obtained.
Mean log-transformed arsenic and cadmium concentrations in duplicate diet samples and derived intakes of chromium were found to vary significantly among cycles. In some cases, median levels ranged by nearly a factor of 2 between cycles. A temporal trend or period is not apparent in the data for these measures. If indeed present, data from multiple years will be required to observe the trends, while statistically significant variability of these measures among cycles may not be substantive in the context of some environmental health applications. Other errors in health risk assessments (e.g., outcome assessments and dose±response curves) may be much larger. However, if concentrations of arsenic and cadmium in food and dietary exposures to chromium vary systematically by season for a population, then timing of sample collection should be an explicit component of longitudinal studies designed to characterize exposure and risk. The toxicity of various chemical species of arsenic and chromium is known to vary substantially. In the current study, analyses were limited to total arsenic and chromium in the duplicate diet samples. Additional research is required to describe the temporal characteristics of dietary intake of inorganic and organic forms of arsenic, Cr(III) and Cr(VI).
Exposure to the four elements included in this study is ubiquitous. While results of animal bioassays are useful for characterizing potential health risks associated with exposure to arsenic, cadmium, chromium, and lead, epidemiological investigations may offer the best means for determining the human toxicity of these compounds. In epidemiology, the objective of exposure assessment often is to place an individual into a broad category of exposure relative to other individuals in the study (e.g., the upper or lower quintile). The typical range of intraindividual variability of dietary exposure to these elements in the NHEXAS-MD population was comparable to or greater than the corresponding population mean and median exposure levels. For example, the average range of arsenic intake for a single participant was approximately two times greater than the population mean level and approximately three times greater than the median exposure for the population. With regard to determining level of exposure for an epidemiological study, our results suggest that a single measure of dietary exposure based on duplicate diet sampling is may not be sufficient to characterize accurately the relative magnitude of an individual's typical acute or chronic exposure. However, further study of the data must be undertaken in order to firm this conclusion.
